Only 3.4% of total water use in the Bangkok Metropolitan area is reused treated sewage. This study anticipates that further treated-sewage reuse in industrial sectors, commercial buildings and public parks, in addition to present in-plant and street cleaning purposes, would increase total water reuse to about 10%. New water reuse technologies using membrane bioreactor (MBR) and microfiltration (MF) as tertiary treatment were implemented to assess their potential for their application in the Bangkok Metropolitan area. The MBR was applied to the treatment of raw sewage in a central treatment plant of the Bangkok Metropolitan area. The MF membrane was used for polishing the effluent of the treatment plant. The results show the quality of treated water from MBR and tertiary MF treatment could meet stringent water reuse quality standard in terms of biochemical oxygen demand, suspended solids and biological parameters. Constant permeate flux of the membrane was achieved over long-term operation, during which inorganic fouling was observed. This is due to the fact that incoming sewage contains a considerable amount of inorganic constituents contributed from storm water and street inlet in the combined sewerage systems. The total cost of the MBR for sewage treatment and production of reuse water is estimated to be about USD1.10/m 3 .
INTRODUCTION
Thailand faces growing pressure in efforts to meet demand for water supplies for domestic, commercial, industrial and agricultural purposes. The development of Thailand into an agro-industrialized nation also increases water consumption in the country, which put constraints on available and usable water resources. Annual precipitation, approximately 1,600 mm, is unevenly distributed in different regions of the country. This causes floods in Central and Southern Thailand, while other regions are experiencing water shortages. Bangkok, the capital city of Thailand located at the low end of Chao Phraya River basin, is also facing both floods and droughts. The Bangkok Metropolitan area has frequent water shortages and is taking heavy measures to tackle the problem. To preserve water resources, regulations have been proposed to promote more efficient use of water, including reuse of treated wastewater. Nevertheless, public acceptance of centralized wastewater and willingness to pay for the wastewater management fees are still the main issues for the Bangkok Metropolitan area (Roomratanapun ) . In general, water reuse has been recognized as a potential intervention strategy in addressing water shortage (Hamoda et al. ) . Reusing water for potable or non-potable purposes is becoming a more favorable practice. However, there are still some difficulties in water reuse due to rules and regulations failing to be implemented. Generally, conventional treatment systems can produce treated water that meets many parameters of standard quality, but still contains high concentration of pathogen indicators such as total coliforms (TC) and Escherichia coli (Hendricks & Pool ) . Further downstream polishing is required to remove pathogens.
In recent years, the membrane bioreactor (MBR) process has become increasingly favorable as an alternative advanced treatment for municipal wastewater (Van Nieuwenhuijzen et al. ; Zanetti et al. ) . The MBR process is a biological treatment system, which uses membranes to separate and retain mixed liquor, and produce a better quality effluent. It is well-suited for disinfection and suitable for unrestricted-access water reuse application. Various studies have shown that the MBR process has higher performance efficiency in removing pollutants in wastewater than the conventional activated sludge process (Ottoson et al. ; Pauwels et al. ; Zhang & Farahbakhsh ; Munz et al. ; Zanetti et al. ) . Nevertheless, the application of membrane technologies in developing countries is still very limited, despite the high demand for good quality water for reuse.
This study aims to assess the demand for water reuse in various sectors of the Bangkok Metropolitan area. Possible use of treated sewage from a currently operating central sewage treatment plant in the Bangkok Metropolitan area was evaluated. An appropriate treatment system with membrane filtration as a core technology for improving effluent qualities, to meet standard for reuse, is proposed. The practical application of membrane technologies was evaluated using a pilot-scale MBR and microfiltration (MF) systems as secondary and tertiary treatment options, respectively, for the reuse of sewage in the Bangkok Metropolitan area.
Sewage treatment plants and water reuse status
At present, eight central sewage treatment plants currently in operation in the Bangkok Metropolitan area cover 212.7 km 2 with a total treatment capacity of 1,136,000 m 3 /d. Table 1 (Table 2) . A portion of treated effluent from most sewage treatment plants is being reused for inplant and public street cleaning purposes. Other major reuse purposes for some plants include canal flushing to improve water quality (UNEP ) and irrigation or recreation uses in public parks. Total reuse water quantities were about 21,800 m 3 /d, but only 3.4% was from treated sewage during 2007-2011. There are plans to expand water reuse in the Bangkok Metropolitan area for other activities when water resources become scarce and insufficient to meet demand. 
Qualities of treated sewage
The physical and biochemical characteristics of inflow and treated water in each sewage treatment plant were assessed to evaluate the feasibility of treating wastewater to meet water quality standards. Table 3 shows the average qualities of influent and effluent of seven sewage treatment plants currently in operation (excluding Bangsue WWTP, which started its operation in 2013) and their comparison to international standards for reuse purposes. In general, the inflow sewage in the central treatment plants in the Bangkok Metropolitan area contained low concentrations of biochemical oxygen demand (BOD), because collected domestic wastewater had been mostly pre-treated in septic tanks installed at wastewater sources. Moreover, the wastewater was collected through combined sewer systems where wastewater and storm water are combined. Therefore, the wastewater was substantially diluted. This made its characteristics much different to those of smaller decentralized wastewater treatment systems (Suriyachan et al. ) . The wastewater also contained significant amounts of suspended solids (SS), especially silt and debris collected through street inlets along the sewer pipelines. Most treatment plants in the Bangkok Metropolitan area use mechanical-based aerobic systems, such as activated sludge, with different configurations, for example, contact stabilization, two-stage, cyclic, vertical loop and conventional types. They are also designed for removing nutrients. After treatment, the treated water generally met discharge standard and qualified for reuse purposes in many parameters. Nevertheless, the treated water still contained high pathogen indicators, such as total and fecal coliform (FC) numbers, as disinfection was not practiced in most sewage treatment plants. If the treated sewage is to be used for direct contact or Class A purposes, it is suggested that further polishing of treated water is required to remove remaining SS, turbidity and organics. Disinfection would also be needed in order to meet reuse purpose standards.
Potential for further reuse of treated sewage
The treated effluent from central sewage treatment plants in the Bangkok Metropolitan area has several potential uses. In total, eight service zones were set with consideration to the location of the central sewage treatment plants and possible service areas as shown in Figure 1 . The potential users of treated sewage in each zone were then identified. From the questionnaires and interview surveys on user demand for use of treated sewage in the Bangkok Metropolitan area, it was found that treated water could be generally accepted for recreation purposes in public parks, cleaning and cooling in selected industries (14 non-food categories) and flushing toilets in commercial buildings after treatment to meet the reuse standards. For estimating the demand of treated sewage, per unit of water consumption for each reuse purpose was derived based on current water consumption rates. Table 4 shows the estimation of potential reuse of treated water for different purposes in each zone. It was found that the potential for reuse is 99,232 m 3 /d classified as 79% in industrial sectors, 17% in commercial buildings and 4% in public parks. The reuse quantity would account for 1.3-54.4% of treated sewage in each sewage treatment plant and provide an additional 6.7% treated sewage reuse on top of in-plant and street cleaning purposes, resulting in about 10% of total treated sewage reuse. 
Treatment options and cost implications for sewage reuse
For reuse purposes, possible treatment alternatives for the removal of SS, organic pollutants and pathogens were identified. Table 5 shows the comparison of investment and operation and maintenance (O&M) costs for each treatment option. For SS and turbidity removal, sand filter and MF were considered. Sand filtration has stable performance and lower associated costs. It can be considered for non-stringent reuse, such as public parks and toilet flushing, whereas MF provides better water qualities for some industrial reuse purposes. For organic removal, carbon adsorption, ultrafiltration and MBR were considered. In most cases, further organic removal would not be required from the viewpoint of required water qualities for reuse purposes in the service area. This additional organic treatment is also associated with high costs. However, MBR technologies can be considered for new sewage treatment plants as an alternative to biological treatment with MF as a post-treatment unit for reuse. For pathogen removal, chlorination is a clearly cheaper option, even though UV is more efficient, especially from an environmental perspective (Gómez-López et al. ).
Economic analyses were performed to evaluate the feasibility of applying wastewater reuse technologies in the Bangkok Metropolitan area. Benefit-cost (B/C) ratio and economic internal rate of return (EIRR) were used as the indicators. The project period was set at 20 years during which a discount rate of 12.0% was applied. Based on economic analyses of applying treatment technologies for reuse of treated sewage in each separate zone, it was found that the feasible reuse options and technologies required for implementing water reuse in the Bangkok Metropolitan area are: (1) recreational purposes in public parks after chlorine disinfection, (2) flushing toilets in commercial buildings after sand or membrane filtration, (3) cleaning purposes in industrial sectors after sand filtration or MF, and chlorine disinfection, and (4) other higher level reuse purposes such as boiler and cooling water systems in industrial sectors using MF or MBR for new sewage treatment plants. The benefits of reusing treated sewage are water supply savings, opportunity costs from drought mitigation and environmental quality improvements. The B/C ratio of the projects in different Bangkok Metropolitan area zones varied in the range 2.06-2.69 with EIRR of 45.4-72.6%. This incorporation of indirect impact and sustainability helped improve sustainable water management, especially from a public perspective (Sa-nguanduan & Nitivattananon ). Generally, water reuse projects may not be feasible if focusing on internal costs, unless external environment impacts are also considered (Molinos-Senante et al. ).
Implementation of membrane-based treatment systems
The technical feasibility of applying membrane technology to sewage treatment for reuse in the Bangkok Metropolitan area was investigated using a pilot-scale testing unit installed at Rattanakosin sewage treatment plant. Two configurations of membrane technology applications were examined: (1) using MF as tertiary treatment of sewage treatment plant effluent and (2) using MBR as combined secondary and tertiary treatment for sewage reuse. The main aim of this testing was to demonstrate the possibility of applying membrane technology to local conditions and to investigate performance of the system in long-term operation. During the testing, several operating conditions were varied to determine optimal conditions for the treatment of local sewage.
In the tertiary MF system, the effluent from Ratanakosin wastewater treatment plant (WWTP) was fed into the membrane tank. The membrane system consists of two modules of hollow-fiber membrane (PVDF Sterapore SADF ™ , 0.4 μm pore size, 9.0 m 2 surface area each). In normal operation mode, constant flux and flow rate were 17 l/(m 2 ·h) and 300 l/h, respectively . Table 6 shows the treatment performance of the MF system during 1 year of operation. Relatively stable operation could be achieved even though a few periodical interruptions were experienced due to clogging of the inlet pump. It was found that the system could reduce BOD by more than 90% and SS was completely removed, yielding stable effluent qualities, which met stringent reuse standards.
For the testing of the pilot-scale MBR system (Figure 2) , the influent of the sewage treatment plant was primarily treated by screening (10 and 0.5 mm, respectively, not shown in the figure) prior to feeding to the raw water tank of the bioreactor. The MBR system utilized four hollowfiber membrane modules (PVDF Sterapore SADF ™ , 0.4 μm pore size, 9.0 m 2 surface area each). Permeate flux and total flow rate were maintained at about 17 l/(m 2 ·h) and 610 l/h, respectively, yielding hydraulic retention time of 3.75 h in the bioreactor (Figure 3) . The modules were equipped with an air flow system (340 l/min), which creates increased turbulence near the membrane surface. The internal recycle rate is maintained at 360% of the effluent flow rate. Mixed liquor suspended solids (MLSS) concentration was kept between 8 and 12 g/L (Figure 4) . During the operation, the time interval between each sludge wastage was about 2 months. Table 7 shows the treatment performance of the MBR system during the 1 year of operation. The normal operation of the MBR occasionally stopped due to mechanical problems. In Table 3 , the performance data of the pilot-scale MBR system under normal conditions are presented. Overall, the MBR system reduced the BOD by more than 93% and completely removed SS and coliform bacteria. The effluent qualities of the MBR were similar to MF-treated water in the tertiary treatment system, but required shorter treatment time and would be a cheaper option compared to integration of secondary treatment using the activated sludge process and tertiary treatment using MF (Côtè et al. ) . It is, therefore, a possible option for new sewage treatment plants or upgrading existing sewage treatment plants by retrofitting them into the MBR for producing reusable water.
To maintain stable membrane operation, chemical cleaning of the fouled membrane was performed. The cleaning chemicals used during operation were sodium hypochlorite and citric acid (Table 8 ). After cleaning, flux recovery was observed. A major part of the flux recovery was achieved during acid cleaning, suggesting that inorganic fouling predominated on the membrane surface. The result of the X-ray micro-analysis of the membrane surface confirmed the presence of Al, Si, Na, Al, P, Cl, Mn, and Fe in the MBR and the tertiary treatment system. These metals were effectively removed using citric acid during chemical cleaning. This inorganic fouling possibly arose from the inorganic constituents in incoming wastewater partially diluted with storm water from street outlets, before reaching centralized sewage treatment plants. In addition to the low organic strength characteristics of incoming wastewater, it also contained a high percentage of non-biodegradable components like sand and silt, which come together with urban storm water, making it difficult to be treated effectively by biological wastewater treatment processes. The operational difficulties include maintaining active microorganisms in the wastewater treatment processes under low organic loading and preventing overflow of inactive biomass during gravity separation by sedimentation. The MBR, which utilizes membrane filtration in place of gravity separation, can overcome these problems by preventing the loss of active biomass with the effluent, and thus help maintain higher biomass within the biological treatment unit. The system has been proven to be effective for on-site domestic wastewater treatment under high fluctuation characteristics (Chiemchaisri et al. ) .
Cost evaluation of membrane technologies applied to the Bangkok sewages was carried out using actual pilotplant data. The capital (construction) cost of the pilot-scale MBR and its operating costs including equipment (pumps and membrane modules) replacement, chemicals and electricity were evaluated over a 20 year project based on a constant price assumption. It was found that the major operation costs were equipment replacement at 50% and energy consumption at 33%. Over the project period of 20 years, the O&M cost was calculated at USD0.37/m 3 of reuse water. Meanwhile, the total cost, including capital and O&M cost was USD1.1/m 3 of reuse water. 6.2 ± 1.5 5.1 ± 0.9 ND 100.0 ND means not detected; *Contamination of the effluent pipe and storage tank yielded occasional detection of SS in the effluent. Considering both the direct benefit from water supply replacement and the indirect benefits from drought mitigation and other environmental aspects, the application of the membrane-based treatment system to low-strength sewage in the Bangkok Metropolitan area demonstrates the feasibility of using MF as the tertiary treatment for existing sewage treatment plant or retrofitting the existing biological wastewater treatment system to MBR configuration for producing reusable water. (Chen & Wang ) .
CONCLUSION
The potential for reuse of treated sewage from operating centralized sewage treatment plants in the Bangkok Metropolitan area was evaluated by targeting potential users from the public, commercial and industrial sectors in various zones of the Bangkok Metropolitan area; it is anticipated that the use of treated sewage can be increased from 3.4 to 10%. Post-treatment of secondary treated sewage would be required in order to produce water that meets standards for reuse purposes. Application of membrane technologies is technologically feasible for producing water for reuse. Two schemes of their application are using MF as tertiary treatment in existing sewage treatment plant or upgrading sewage treatment plant to MBR for producing reusable water.
